Abstract Evidence is accumulating that telomeres become shorter with advancing age and possibly explain some of the observed variation in longevity. Cross-sectional analyses have shown that species with shorter lifespans lose more telomeric repeats with age than species with longer lifespans. Using existing data from longitudinal studies performed on several bird species, we confirmed a negative relationship between the rate of telomere shortening and maximum longevity. 
Introduction
Telomeres are repeats of non-coding DNA located at the ends of chromosomes. They protect chromosomes from losing essential DNA, as the replication process is never complete on the lagging strand. Because of this so-called end-replication problem telomeres become shorter with each cell division. Analysing telomere length may provide a suitable tool to assess biological ageing as it is perceived to be a reliable ageing biomarker (Monaghan and Haussmann 2006) . It has been shown that telomere length at young age predicts longevity (Heidinger et al. 2012 ) and the telomere length itself as well as the rate of telomere erosion can constitute a better estimator of life expectancy than chronological age (Bize et al. 2009 ). Nevertheless, telomere dynamics is still poorly understood. Telomeres do not shrink at a constant rate and the variation observed in telomere length among individuals of the same age is substantial (Monaghan and Haussmann 2006) . In this context it is important to trace within-individual changes in telomere length. Therefore increasing numbers of studies apply a within-individual, longitudinal approach while exploring telomere dynamics. However, longitudinal studies are difficult, particularly in the wild, as a result of the great effort required for multiple sampling of the same Communicated by M. Wink.
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The online version of this article (doi:10.1007/s10336-015-1304-4) contains supplementary material, which is available to authorized users. individuals. The majority of studies were performed on long-lived birds while telomere length was measured only twice in the entire lifespan of an individual (Hall et al. 2004; Pauliny et al. 2006; Bize et al. 2009; Bauch et al. 2013; Young et al. 2013) , but see Salomons et al. (2009) , Barrett et al. (2013) and Asghar et al. (2015) . To our knowledge short-lived species have been considered in longitudinal studies of telomere dynamics only recently (Heidinger et al. 2012; Asghar et al. 2015) ; therefore a between-species comparative study of lifespan-dependent telomere erosion on an intra-individual level was not possible until now. The existing cross-sectional analyses indicate that short-lived animals face more rapid telomere decay than long-lived ones (Haussmann et al. 2003) . However, in cross-sectional comparisons the interpretation of telomere dynamics in older age classes is difficult, as disappearance of individuals from a population may not be independent from telomere length. This may be particularly important if age-related telomere shortening shows significant individual variation.
Here we used existing data on telomere dynamics from longitudinal studies to test the hypothesis that the rate of telomere loss is related to maximum observed longevity. Since most studies have been performed on long-lived species, we also included another short-lived passerine, the Blue Tit (Cyanistes caeruleus) from our own unpublished work.
Methods
We performed correlation analysis to test if the rate of telomere loss is related to maximum observed longevity using published data. We considered all studies on adult birds that used a longitudinal approach and gave information on telomere loss across age classes (see electronic supplementary material for details). From the analysis we excluded studies in which birds had undergone any experimental manipulation that may alter natural telomere dynamics (this led to the exclusion of eight out of 18 papers on bird longitudinal telomere dynamics that we are aware of). In these papers the data on telomeres were given in various forms. Some provide direct information on telomere length/telomere loss whereas in others telomere loss could only be estimated from figures. Since telomere length is often expressed in relative values (qPCR results) it was not possible to calculate telomere loss in absolute values. Telomere loss in base pairs was only given in five papers, all for long-lived species. Additionally, absolute change in telomere length is less informative as species differ in telomere length. To solve this issue, telomere erosion was assessed as yearly telomere loss approximated as the difference between mean telomere length in the first and last age class reported in the paper divided by the number of years between sampling. This value was expressed as a percentage of average telomere length calculated across reported age classes.
We also included our own unpublished data from a wild population of Blue Tit inhabiting Gotland, an island in the Baltic Sea. We assessed within-individual telomere shortening in 30 samples originating from 10 birds using qPCR techniques (see Sudyka et al. 2014 for details on the population and telomere measurement). Here we selected individuals that were sampled at the early stage of life and monitored for at least 3 years to make the rate of telomere loss representative for the whole lifespan. On average these birds were sampled three times across their lifetime while maximum longevity observed in our population is 7 years. Analyses were performed in SPSS v.22.
Results and discussion
Cross-sectional analyses have shown that short-lived species experience faster shortening of telomeres than longlived species (Haussmann et al. 2003 ). Here we confirmed this finding using a within-individual approach. Yearly telomere shortening in Blue Tits observed in our data (12.4 %) is one of the highest rates reported for birds. A similarly high rate of telomere shortening was reported in Zebra Finches (Heidinger et al. 2012) and Great Reed Warblers (Asghar et al. 2015) , showing comparable longevity to the Blue Tit. In long-lived species yearly telomere length change varies from ?1.5 to -5.5 % (electronic supplementary material and Fig. 1 ). Our analysis of published longitudinal data on telomere dynamics confirmed the negative relationship between the rate of telomere shortening and maximum longevity (Fig. 1, r = 0 .839, N = 10, P = 0.002), as previously detected by Haussmann et al. (2003) using cross-sectional data. One of the species (the Thick-billed Murres) experienced yearly telomere lengthening. This may stem from the fact that the exact age of studied individuals was not known and telomere change had been studied only between two subsequent years. Therefore we ran an analysis excluding this study to reconfirm the observed relationship between yearly changes in telomere length and longevity. After excluding the Thick-billed Murres the correlation still holds true (r = 0.834, P = 0.005). In fact, some other studies on long-lived species could not detect telomere shortening either (e.g. Haussmann et al. 2003) . Possibly long-lived birds possess more efficient mechanisms protecting against replicative senescence such as higher telomerase activity throughout life (Haussmann et al. 2007 ). Another explanation involves different rates of red blood cell turnover in those species directly related to metabolic rate. Yet the link between metabolic rate and longevity in birds and mammals remains ambiguous (Buttemer et al. 2010; Hulbert 2010) . Slower metabolism should generate less reactive oxygen species (ROS) which are particularly harmful to telomeres (Monaghan and Haussmann 2006) and in general ROS levels are inversely related to maximum lifespan (Buttemer et al. 2010 ). Such a relationship was reported in mammals (Ku et al. 1993 ), but not confirmed among birds (Montgomery et al. 2012b ). Long-lived birds, however, appear to be more resistant to damage by ROS owing to more efficient antioxidative protection (Montgomery et al. 2012a) . 
